In Southeast Asia, peatland is widely distributed and has accumulated a massive amount of 15 soil carbon, coexisting with peat swamp forest (PSF). The peatland, however, has been 16 rapidly degraded by deforestation, fires and drainage for the last two decades. Such 17 disturbances change hydrological conditions, typically groundwater level (GWL), and 18 accelerate oxidative peat decomposition. Evapotranspiration (ET) is a major determinant of 19 GWL, whereas information on the ET of PSF is limited. Therefore, we measured ET using the 20 eddy covariance technique for four to six years between 2002 and 2009, including El Niño 21 and La Niña events, at three sites in Central Kalimantan, Indonesia. The sites were different in 22 disturbance degree: a PSF with little drainage (UF), a heavily drained PSF (DF) and a drained 23 burnt ex-PSF (DB); GWL was significantly lowered at DF, especially in the dry season. The
Introduction 37
In Southeast Asia, mainly Indonesia and Malaysia, peatland is widely distributed, coexisting 38 with swamp forest, over an area of 2.48  10 5 km 2 and accumulating up to 68.5 Pg of soil We used flux data from July 2004 to August 2008 , December 2001 to July 2008 April 2004 to September 2009, respectively, for UF, DF and DB. To calculate annual sums, 138 we defined the annual period of 365 or 366 days starting on July 10 or 11 (DOY192) and 139 ending on July 9 or 10 (DOY191) (Hirano et al., 2012) . The whole rainy season was captured 140 in each annual period, because the rainy season usually starts in October and lasts until June 141 in this area (Hirano et al., 2012) . In the period, annual sums were calculated for the four year Quality control and gap filling of flux data 146 We first excluded flux data obtained during rain and when the mean wind direction was 147 within ±30°, ±35° and ±20° from the north, respectively, for UF, DF and DB, thereby 148 avoiding flow distortion caused by the tower. The azimuth angles were determined from 149 tower dimensions. Next, we calculated the difference between covariances determined from 150 the whole interval of 30 min and six intervals of 5 min. Flux data were excluded, if 151 covariance difference was larger than 250% (Foken & Wichura, 1996) . Consequently, the 152 survival rates of H and lE data available for annual summations were 49% and 51%, 50% and 153 50%, and 46% and 64%, respectively, for UF, DF and DB. Data gaps were filled by the 154 look-up table (LUT) method using R n and vapor pressure deficit (VPD) as predictors on a 155 half-hourly basis. The R n and VPD were grouped into ten and three classes, respectively. The
156
LUT was created every three months: November-January, February-April, May-July and Calculation of bulk parameters 162 Bulk parameters of surface conductance (G s ) (Monteith, 1965) , decoupling factor (Ω) (Jarvis 163 & McNaughton, 1986) and Priestley-Taylor coefficient (α) (Priestley & Taylor, 1972) were 164 calculated to interpret the seasonal variation and environmental response of ET. To avoid 165 instability and divergence, the bulk parameters around midday from 1000 to 1400 in no-rain 166 conditions were only used to calculate monthly means for the analysis (Ryu et al., 2008) . Also, 167 albedo for shortwave radiation was calculated for the midday period when global radiation 168 was larger than 700 W m -2 (Hirano et al., 2007) .
169
The G s (m s -1 ) stands for the integration of individual leaf's stomatal conductance for 170 transpiration and surface wetness for evaporation, which was calculated backward from the 171 Penman-Monteith equation by replacing R n -G with H + lE, because G was unavailable (Eqn. 172 1). This substitution would overestimate G s because of energy imbalance (Table S1) .
where G a is bulk aerodynamic conductance (m s -1 ), ε is s/γ, s is the slope of relationship 175 between saturation vapor pressure and temperature (kPa K -1 ), γ is psychrometric constant (= 176 0.067 kPa K -1 ), ρ is air density (kg m -3 ), C p is specific heat of air at constant pressure (= 1007 177 J kg -1 K -1 ), VPD is vapor pressure deficit (kPa). The G a was calculated using the following 178 equation (Humphreys et al., 2006) .
where κ is von Karman constant (=0.4), u* is friction velocity (m s -1 ), dh is thermal diffusivity, 181 dv is molecular diffusivity of water vapor and u is mean wind velocity (m s -1 ). The ratio of dh 182 and dv (dh/dv) was set at 0.89 (Humphreys et al., 2006) .
183
The Ω is an index (0 to 1) of decoupling between vegetation and the atmosphere for ET, 184 which was defined as follows:
(3)
186
The Ω approaches 0 when ET is controlled by G s and VPD (coupling), and approaches one 187 when ET is controlled by available energy (decoupling).
188
The α is the ratio of measured lE and equilibrium lE (lE eq ), which is the lE of an 189 extended wet surface (Priestley & Taylor, 1972) . The α was calculated using the following 190 equation (Flint & Childs, 1991) .
where β is Bowen ratio.
193

Results
195
Seasonal variation 196
Monthly values of environmental elements, energy fluxes and bulk parameters are shown in 197 time sequence in Fig. 1 2002 and 2006 (Hirano et al., 2007 Hirano et al., 2012; Hirano et al., 2005) .
208
To clarify seasonal variation, monthly values were ensemble averaged for each site for 209 the common period of four years from August 2004 through July 2008 (Fig. 2 ). In addition, 210 monthly values were averaged for the rainy and dry seasons, respectively (Table 1) ; the 211 threshold to separate the two seasons was monthly precipitation of 100 mm (e.g. Malhi et al.,
. As a result, 10 months out of a total (48 months) were classified as the dry season. On 213 average for the four years, August and September were in the dry season, and July with 214 monthly precipitation of 102 mm was the transition between the two seasons (Fig. 2) . The
215
GWL reached its minimum of -0.55, -1.05 and -0.52 m at UF, DF and DB, respectively, in 216 October and was significantly lower in the dry season than in the rainy season. Midday VPD 217 began to increase in April and peaked in September at UF (1.84 kPa) and DF (1.92 kPa) and 218 in October at DB (2.28 kPa); it was significantly higher in the dry season. Albedo showed seasonality similar to that of VPD with a peak in October at UF and DF and in November at 220 DB, which differed significantly between the two seasons except for DB. The R n showed an 221 opposite peak in October because of shading due to dense smoke in 2006 ( Fig. 1 resembles GWL or the mirror image of midday VPD in seasonal variation, whereas significant 232 seasonal difference was detected only at DF, at which seasonal variation in GWL was the 233 largest. The Ω continued to decrease from July through October and showed significant 234 differences between the two seasons at the all sites. Although α showed a decreasing tendency 235 from July through October at DB, no significant seasonal variation was detected at all the 236 sites. annual periods from the 04-05 through 07-08 periods; its interannual variation was small with 242 a coefficient of variance (CV) of 2.1%. Thus, the PSF is categorized into "tropical rainforest" 243 or "humid tropical forest" by the definition of annual precipitation > 1500 mm yr -1 and dry season length < 6 months (Lewis, 2006) . Annual dry period length (DPL), which is defined as 245 the number of days with 30-day moving total of precipitation less than 100 mm (Kume et al., 246 2011), averaged out at 90  33 days yr -1 with a CV of 34.2% for the same period. For the 247 seven years from the 02-03 period, annual precipitation was 2445  90 mm yr -1 (CV: 3.8%).
248
On the other hand, seven-year mean annual precipitation was calculated at 2411  393 mm period, because total precipitation in the rainy season was independent of its duration in 255
Indonesia (Hamada et al., 2002) . This comparison reveals that annual precipitation depends 256 on its summation period.
257
The annual precipitation was rather stable, whereas DPL increased in the 02-03 and 258 6-07 periods because of the prolonged dry season due to El Niño drought. Following the 259 interannaul variation in the precipitation pattern, GWL, midday VPD and R n showed 260 significant interannual difference ( which is related to evaporative demand.
280
Adjusted annual ET showed a significant positive linearity (p < 0.01) with the minimum 281 monthly-mean GWL at each site with r 2 vales of 0.98, 0.85 and 0.97, respectively, at UF, DF 282 and DB (data not shown). The r 2 values were much larger than against annual mean GWL.
283
The strong linearity suggests that the minimum monthly-mean GWL drawdown by 10 cm 284 decreases annual ET by 19, 33 and 26 mm, respectively, at UF, DF and DB. Moreover, as a 285 whole, adjusted annual ET at the two forest sites showed a significant combined correlation 286 (r 2 = 0.80, p < 0.01) (Fig. 4) . Therefore, we can say that the minimum monthly-mean GWL is 287 a robust total predictor of annual ET of PSF, because the minimum GWL determines not only 288 the water regime in the dry season but also peat fire occurrence (Takahashi & Limin, 2011) , 289 which drastically affects the radiation environment (Fig. 1) .
290
For a further analysis, bulk parameters of G s were plotted against GWL (Fig. 5 ). Data 291 were classified into three groups according to VPD, and quadratic curves were fitted to all 292 data groups, because many tree species decrease stomatal conductance in flooding (e.g.
293
Kozlowski, 1997). Significant convex curves (p < 0.05), except for a high VPD group at DB, 294 show that G s didn't decrease simply as GWL decreased. At UF, the curves suggest that G s 295 peaked at GWLs of -0.10, -0.14 and -0.13 m, respectively, for VPD of <1.4, 1.4-1.9 and >1.9 VPD condition (> 1.9 kPa) (Fig. 5d ). The G s began to decrease when GWL lowered below a 304 threshold at each site. The GWL threshold for G s decrease was the lowest at DF, followed by 305 UF and DB in order.
307
Inter-site comparison 308 Seasonal means and annual values were compared among the three sites (Tables 1 to 3) . The
309
GWL, which was measured as a distance between the ground and groundwater surfaces, was 310 significantly lower at DF because of drainage, whereas GWL at DB was very close to that of 311 UF in spite of the fact that DB was drained at the same time as DF. 
372
The lE showed relatively clear seasonal variation (Fig. 2) ; lE continued to increase from 373 the late rainy season to the mid-dry season and decreased in the late-dry season. The annual 374 amplitudes of the seasonal variation in lE were 2.6, 2.2 and 2.7 MJ m -2 day -1 on a monthly 375 basis, respectively, at UF, DF and DB, which were equivalent to ETs of 1.07, 0.92 and 1.10 376 mm day -1 , respectively. A similar ET increase in the dry season was also reported for tropical 377 forests in Amazonia (da Rocha et al., 2004; Hasler & Avissar, 2007; Hutyra et al., 2007) and
378 Thailand (Tanaka et al., 2008) , which was attributed to increased R n and the lack of drought 379 stress due to deep root systems. The lE decrease in the late dry season was enhanced during El
380
Niño drought in 2002 and 2006, when peat fires occurred and consequently R n decreased 381 sharply (Fig. 1) . However, lE / R n increased conversely even during the peat fires, except for at DB in 2004. These facts indicate that the lE decrease in the late dry season was chiefly 1) Mean for midday from 1000 to 1400.
2) The p-value of ANOVA among the sites in each column.
3) Different alphabet letters in each column denote significant difference among the sites at a significance level of 0.05 according to Tukey's HSD. 4) The symbol of * or ** denote significant difference between the rainy and dry seasons at a significant level of 0.05 or 0.01, respectively, according to Student's t-test. et al., 2011) . 4) The minimum monthly-mean GWL. 5) ET forced to close energy balance using Bowen ratio on a daily basis. 
Fig. 5.
Relationships between bulk surface conductance (G s ) and groundwater level (GWL) at UF (a), DF (b) and DB (c). Data were divided into three groups according to vapor pressure deficit (VPD) and a quadratic curve was fitted to each group (p < 0.05). Data in each VPD group were binned into deciles by GWL. The relationships are compared among the three sites using the deciles in a high VPD condition (> 1.9 kPa) (d). Dark grey symbols at DB (c) were measurements in the dry season in 2004, which were excluded from the fitting. 
